Epidemiologic studies have identified inhalation of airborne arsenic as a cause of lung cancer (1, 2) . Arsenic is thought to act principally at a late, or promotional, stage of the carcinogenic process (3, 4) . Excess lung cancer risk with increasing exposure to airborne arsenic has been consistently observed in studies of miners (5) (6) (7) (8) (9) (10) (11) and smelter workers (7, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . In spite of the many studies, there have been only two detailed analyses of the functional relation between exposure to airborne arsenic and lung cancer risk using data on individual workers (6, 13) . Both analyses suggested a concave exposure-response relation (6, 13) , as did a limited evaluation of an earlier follow-up of the current study (20) . A meta-analysis using published results from several studies supported a concave association for lung cancer and inhaled airborne arsenic exposure (1) , although the exposureresponse relation was not consistent in every study (25) .
While ingestion of arsenic-containing drinking water (26) (27) (28) (29) (30) , exposure to arsenical pesticides (31) (32) (33) (34) (35) , and use of arsenic-containing therapeutics (36) have been linked to cancers of the skin, bladder, lung, kidney, and liver, an association between inhaled airborne arsenic and nonrespiratory cancers has not been demonstrated. Such an association is plausible, since inhalation of arsenic-containing dusts elevates levels of systemic arsenic, as demonstrated by the positive correlation of urinary arsenic and inhaled airborne arsenic in smelter workers (37) .
In this paper, we report results of a new follow-up of a large cohort study of airborne arsenic-exposed copper smelter workers, including a detailed analysis of the relation between exposure and respiratory cancer mortality and of associations between inhaled arsenic and other causes of death.
MATERIALS AND METHODS

Background
This is the latest in a series of studies of workers at a Montana copper smelter. The initial investigation analyzed the mortality experience of workers employed for 12 months or more prior to 1957, with follow-up from 1938 through 1963 (17) . This cohort is referred to as the Lee-Fraumeni cohort. There was an increasing risk of respiratory cancer among workers who spent more time in work areas with higher levels of airborne arsenic. Greater mortality from respiratory cancer was also linked to increased exposure to sulphur dioxide, but sulphur dioxide exposure was highly correlated with airborne arsenic exposure, and the effects could not be disentangled. A subsequent investigation assembled workers who were known to be alive in 1964 and followed them through 1977. Again, there was an increasing risk of respiratory cancer with greater inhalation of airborne arsenic exposure, but the association with sulphur dioxide exposure weakened after control for arsenic exposure (20) . The original work history data were then supplemented with employment information through 1977, and analyses again confirmed the relation between respiratory cancer and inhaled arsenic exposure (18) . In a related analysis, Welch et al. (23) obtained information on smoking for a sample of 1,469 workers from the LeeFraumeni cohort and found that smoking did not confound the association between inhaled arsenic exposure and respiratory cancer.
Cohort definition
For this study, we reconstructed the original LeeFraumeni cohort. The 8,014 workers in the current analysis differed from the 8,047 workers reported by Lee and Fraumeni (17) because we dropped two subjects identified as females and were unable to locate 31 records. Follow-up started 1 year after initial employment or on January 1, 1938, whichever was later, and continued through December 31, 1989 , providing a maximum follow-up of 52 years. Vital status was determined using records from the National Death Index, the Social Security Administration, the Motor Vehicle Administration for Montana and other states, and company records. Causes of death were obtained from death certificates and were coded according to the International Classification of Diseases, Eighth Revision (ICD-8) (38) . Workers with unknown vital status were assumed to be alive at the end of the study period, except for 81 workers born before 1900, who were assumed to have died of an unknown cause at age 90 years.
Exposure assessment
Estimates of exposure were based on employment records, which provided information on work area, year started, and year ended from the start of employment through September 30, 1977 . We did not collect additional work history data for the current investigation; however, there was little loss of exposure information. Among 4,517 workers alive at the beginning of 1978, only 497 workers (11 percent of those alive and 6 percent of all workers) were employed at the smelter in 1977 (mean age, 55.0 years).
In the 1960s, each work site was ranked on a scale of 1-10 based on its potential for exposure to airborne arsenic and sulphur dioxide. Each work area was classified as a "heavy" (ranks 8-10), "medium" (ranks 4-7), or "light" (ranks 1-3) exposure area for arsenic and for sulphur dioxide. Unspecified or unknown work areas were classified as light-exposure work areas. The link between exposure ranks and airborne arsenic concentration was not known precisely; however, 702 measurements of airborne arsenic, made between 1943 and 1958, were available. These measurements were combined with estimates of workers' exposure time to create time-weighted average airborne arsenic concentrations of 0.29, 0.58, and 11.3 mg of arsenic per cubic meter (mg/m 3 ) for areas of light, medium, and heavy arsenic exposure, respectively (39) . These values differed from those used by (0.38,7.03, and 61.99 mg/m 3 for the three levels, respectively), which were not weighted by workers' exposure times. We created a cumulative exposure index in mg/m 3 -year, denoted d, as the product of years worked in light (L), medium (Af), and heavy (H) exposure areas and the corresponding concentration, i.e., d = 0.29 L + 0.58 M + XxU3H, with X = 1.0 (20) . Since air filtration masks were available for workers in areas of heavy exposure, particularly in more recent years, a second cumulative exposure index was computed by adjusting the weight for heavy exposure areas to 1.13, i.e., setting X equal to 0.1. This a priori choice of X = 0.1 reflected a maximal reduction of exposure with the use of filtration masks. Although somewhat arbitrary, this value was similar to an empirical, data-derived estimate of X. Measurement data on sulphur dioxide levels were insufficient to create a quantitative exposure index.
Statistical analysis
We calculated standardized mortality ratios (SMRs) using US population rates as the referent population and the standard Wald confidence intervals (40) . We used US mortality rates, rather than state mortality rates, to ensure stability of the rates for rare diseases. For selected cancers, we also computed SMRs based on combined mortality rates from Idaho, Montana, and Wyoming. While SMRs based on the three-state rates were slightly higher, the relation of site-specific SMRs to the SMR for all cancers was similar using the US and the three-state rates. We present only US mortality-based SMRs.
Among the 8,014 workers, 1,616 (20 percent) were under age 30 years, and 1,565 (20 percent) were between aged 30-39 when they stopped working at the smelter. Since there was no information on exposures received after leaving the smelter, to minimize the impact of unmeasured exposures, we carried out analyses both on the full cohort and on data restricted to current workers and to former workers who stopping working at the smelter at age 50 years or older.
For assessment of airborne arsenic exposure, we conducted Poisson regression analyses using an internal reference group (40) . Data were cross-classified by attained age (<40, 40-44,...,75-79, >80 years); year of follow-up (1938-1939, 1940-1944,...,1980-1984, 1985 or later); age at start of employment (<20, 20-29, >30); and years in work areas with light (<5, 5-14,...,35-44, >45), medium (0, 1-4, 5-9, £10), and heavy (0, 1-4, 5-9, >10) exposure to arsenic. Additional factors, such as year of birth and time since last employment, were included as needed. For each cell of the cross-classification, we determined the numbers of observed deaths and person-years and computed person-year weighted means for the cross-classification variables.
Our analysis focused on the relative risk of disease mortality. Risk of disease, h, was the product of the background mortality rate, /IQ, and a relative risk (RR) function, i.e., h = h$x RR(;t), where x was a vector of covariates and RR(.) was a relative risk function. The background rate, HQ, was modeled using stratum parameters for categories of attained age and calendar year of follow-up. Previous analysis (3), as well as our initial analyses, revealed that several workers died within 1 year of termination of employment, so that "disease caused the retirement." We adjusted for differences between current and former workers by further stratifying on a time-dependent variable denoting whether currently employed (or within 1 year of employment termination) or not currently employed at the smelter.
An exponential relative risk function for airborne arsenic exposure provided a poor fit to the data. For the continuous arsenic exposure variable, d, we fitted models of the form
where |3 is the excess relative risk per unit exposure. This model, often called a "power" model, includes the linear excess relative risk model (K = 1). Likelihoodbased 95 percent confidence intervals for estimates of P were used. We evaluated homogeneity of a linear exposure-response trend by allowing the p in model 1 with K = 1 to vary across categories of other factors, such as age at first exposure and time since last exposure.
We also fitted absolute excess risk models, in which the effect of exposure added to the background disease rate. However, these models generally provided poorer fits to the data.
All models were fit using the EPICURE set of programs for personal computers (41) . In the tables, numbers of cases differ slightly due to missing data.
RESULTS
Among the 8,014 workers, 4,930 (62 percent) were deceased, 1,909 (24 percent) were known to be alive at the end of follow-up, and 1,175 (15 percent) had unknown vital status (table 1) . Unknown vital status was strongly associated with date of first hire, with 29 percent unknown in workers hired in 1945 or later and 6 percent unknown in workers hired prior to 1945. A total of 2,142 (27 percent) workers were employed at the smelter for less than 5 years, and 3,105 (39 percent) were employed for 20 years or more. Maximum duration of employment was 63 years.
Standardized mortality ratios
There was 256,900 person-years of observation in the full cohort, and 120,900 person-years of observation in the restricted data of current workers and of former workers who stopping working at the smelter at age 50 years or older. Table 2 shows observed deaths and SMRs by cause of death. Among all workers, significantly elevated SMRs were seen for all causes (SMR = 1.14), all cancers (SMR = 1.13), respiratory cancer (SMR = 1.55), and lung cancer (SMR = 1.58). Significantly high SMRs also occurred for diseases of the nervous system and sense organs (SMR = 1.31), nonmalignant respiratory diseases (SMR = 1.56), emphysema (SMR = 1.73), ill-defined conditions (SMR = 2.26), and external causes (SMR = 1.35). Results for the restricted data were generally similar. Deficits in mortality were seen for all cancers of the hematopoietic and lymphatic system (SMR = 0.66), particularly lymphoma (SMR = 0.50) and multiple myeloma (SMR = 0.36). t Data limited to current workers and former workers last exposed over age 50 years. $ In all (restricted) workers, total Includes 18 (7) with unknown cause of death and 81 (55) born prior to 1900 and assumed deceased at age 90 years.
Relative risk of respiratory cancer and exposure to airborne arsenic
Results are shown using only the restricted data, which included 252 deaths from respiratory cancer. We first investigated the exposure lag interval, during which inhalation of airborne arsenic was assumed to have no impact on disease outcome. The deviance was similar for all lag intervals between zero and 5 years, and all lag intervals between zero and 10 years were statistically consistent with the data. We set the lag interval to zero for all analyses.
Relative risks for respiratory cancer increased with increasing duration in each arsenic exposure area (light, medium, and heavy) after adjustment for duration in the other two exposure areas (table 3) . For categories of duration 0, \-A, 5-9, and 10 or more years, relative risks were 1.00, 1.39, 1.30, and 3.01, respectively, for jobs with medium exposure to airborne arsenic and 1.00, 1.11, 1.40, and 3.68, respectively, for jobs with heavy exposure. Relative risks also increased with duration in areas with light exposure to arsenic after adjustment for years in areas with medium and heavy exposure.
A linear excess relative risk model in duration of exposure in each area of arsenic exposure provided good fits to the data after adjustment for duration in the while homogeneity of the two slope parameters for duration in areas with medium and with heavy exposure to arsenic was not rejected (p = 0.14). Table 4 and figure 2 show increasing relative risks with higher levels of the two cumulative airborne arsenic exposure indices. With X = 1.0, the median exposure was 9.7 mg/m 3 -year, the maximum exposure was 521 mg/m 3 -year, and linearity in the excess relative risk was rejected. The estimated K in model 1 was significantly less than one, and p < 0.001 for the test of K = 1. When work areas with heavy exposure to arsenic were down-weighted by setting X = 0.1, -year. These results suggested that the curvature in the excess relative risk for the cumulative exposure index with X = 1.0 was primarily due to the weight assigned to areas with heavy airborne arsenic exposure. Finally, we estimated both p and X (which was a factor in the definition of the exposure index). The estimates were 0.20 (95 percent CI: 0.09, 0.45) for p and 0.11 (95 percent CI: 0.06,0.18) for X, indicating that our a priori weight of X = 0.1 was consistent with the data. Note that the ERR/year estimates for duration of exposure in light, medium, and heavy exposure categories (0.04, 0.07, and 0.13, respectively) had ratios of 1:1.8:3.3, which were very similar to the ratios of 1:2.0:3.9 for the mean airborne arsenic measurements, with X -0. Duration of exposure (years) 40 
50
FIGURE 1. Relative risk of respiratory cancer by duration of employment in work areas with light, medium, and heavy exposure to airborne arsenic for current workers and workers aged 50 years or older at last employment in a cohort study of workers at a Montana copper smelter with follow-up from 1938 to 1989.
comparison provided further support for a linear association between inhaled arsenic exposure and respiratory cancer.
We evaluated homogeneity of the linear ERR relation for the cumulative exposure index with A. = 0. and H are years worked in areas exposed to light (and unknown), medium, and heavy airborne arsenic, respectively. Multipliers were mean airborne arsenic measurements in mg/m s , and X is a weight for areas of heavy exposure that reflects possible use of protective equipment Data are limited to current workers and former workers last exposed over age 50 years. All relative risks are adjusted for age, calendar year, and work status (current or former).
t Cl, confidence interval. t Test of linear trend, p < 0.001.
declined with increasing attained age, time since last exposure, and year of follow-up, but these factors were highly correlated, and analyses could not adequately separate their effects. The ERR/(mg/m 3 -year) did not vary significantly with year first exposed, age first exposed, year of birth, or place of birth.
Respiratory cancer and exposure to airborne arsenic and sulphur dioxide Table 5 shows relative risks for duration of employment in work areas with heavy and medium arsenic exposure and duration of employment in work areas exposed to heavy and medium sulphur dioxide concentrations adjusted for total duration of employment. Within each sulphur dioxide category, relative risks increased with increasing duration of employment in work areas with heavy and medium arsenic exposure. In contrast, relative risks did not increase with sulphur dioxide exposure within arsenic-exposure categories.
Relative risks of noncancer outcomes and exposure to airborne arsenic
We analyzed relative risks by duration of employment in work areas with light, medium, and heavy arsenic exposure for those causes with statistically elevated SMRs (nonmalignant respiratory diseases, ill-defined conditions and senility, and external causes) among current workers and former workers last exposed at age 50 years and over. In the restricted data, there were 268 deaths from nonmalignant respiratory diseases (ICD-8 codes 460-519). Although the relative risks increased with duration of employment, the gradients of risk were similar for work areas with light (relative risks of 1.00, 1.42, 1.32, and 1.44 for categories 0-4, 5-14, 15-24, and 25 or more years, respectively), medium (relative risks of 1.00, 1.00, and 1.37 for categories 0, 1-4, and >5, respectively), and heavy (relative risks of 1.00, 1.12, and 1.75 for categories of 0, 1-4, and >5 years, respectively) airborne arsenic exposure. The p value for the test of homogeneity was p = 0.21, suggesting that the increasing relative risks may have been due to factors other than arsenic exposure. Within the nonmalignant respiratory diseases classification, relative risks for 0, 1-4, and 5 or more years of medium and heavy arsenic exposure were 1.00, 0.84, and 1.04 for pneumonia (ICD-8 codes 480-486; 59 deaths; p = 0.24 for test of trend); 1.00, 0.78, and 1.03 for emphysema (ICD-8 code 492; 57 deaths; p = 0.73 for test of trend); and 1.00, 1.63, and 3.00 for other respiratory diseases, including chronic obstructive pulmonary disease (ICD-8 code 519; 55 deaths; p = 0.02 for test of trend). No other outcome exhibited consistent patterns of higher relative risks with increasing arsenic exposure.
DISCUSSION
In this long-term study of copper smelter workers, we found a linear relation between risk of respiratory cancer and cumulative exposure to airborne arsenic. work areas with light, medium, and heavy exposure to arsenic; the similarity of the ratios of risk estimates for duration of exposure and the mean values of arsenic in air in the three areas; and the linearity of risk with the cumulative arsenic exposure index when duration in work areas with heavy exposure to airborne arsenic was weighted by 0.1 suggest that the concave relation previously reported for these data (1, 20) can be attributed to overweighting the areas with heavy arsenic exposure.
There have been two other detailed analyses of the functional relation of airborne arsenic exposure and respiratory cancer risk using data on individual workers (6, 13) . The more detailed of these analyses, using data from a smelter in Tacoma, Washington, reported a concave relation between lung cancer risk and airborne arsenic exposure, but a linear relation with urinary levels of total arsenic (13, 14) . The concave relation with airborne arsenic may represent an artifact of the exposure assessment procedure. Investigators had measurements of airborne arsenic for 11 of 33 departments at the smelter and measurements of urinary arsenic for nearly all workers (14) . They computed the arithmetic mean airborne arsenic level, AM(ay), and the geometric mean urinary arsenic level, GM(uy), in each of the 11 departments and fitted a power model, AM(a) = a x GM(u y )P, where a and J3 were unknown parameters and j denoted the jth department. This equation was t Data are limited to current workers and to former workers last exposed over age 50 years.
t All relative risks are adjusted for age, calendar year, work status (current or former), and duration of employment.
then used for each worker to estimate airborne arsenic exposures from urinary arsenic levels.
This approach may have induced bias in the risk estimates. For example, suppose there was a linear relation between airborne arsenic and urinary arsenic for the ith individuals in theyth department, a tj = a + P x Ujf, then the induced model at the department level is linear in the arithmetic mean, i.e., AM(Oy) = a + (3 x AM(«y). In contrast, suppose there was a power relation for individuals, a (j = a x u^, then based on a logarithm transformation, the induced model is a power function in the geometric mean, i.e., GM (ay) = a x GM(|i y -)^. The regression equation applied to the Tacoma data (14) reflected no obvious antecedent relation between airborne arsenic and urinary arsenic for individuals, and its use may have biased their analysis of risks. This interpretation is supported by data indicating a linear relation between airborne and urinary arsenic (42) . For a linear risk model, as in our data, unbiased estimates of the effects of airborne arsenic are obtained using the arithmetic mean (43) . For a variable that is approximately log-normally distributed, such as urinary arsenic, the geometric mean underestimates the mean exposure for a department. The convex relation between airborne arsenic and urinary arsenic found by Enterline et al. (14) was probably the consequence of their power model for exposure assessment. For a given urinary arsenic level, the predicted value overestimated airborne arsenic, thus inducing a concave relation in the regression of SMR on airborne arsenic exposure.
A meta-analysis of published results from six studies concluded that a concave relation existed between respiratory cancer and cumulative airborne arsenic exposure (1). However, this conclusion was strongly influenced by the previous analysis of the Montana data and analysis of the Tacoma data, when, indeed, the exposure-response relations for the individual studies varied substantially in magnitude and shape. The authors proposed several explanations for the nonlinearity in the exposure-response: confounding by age, smoking, or other occupational exposure; a nonmultiplicative association between airborne arsenic exposure and smoking; a healthy worker survivorship effect; exposure misclassification; or metabolic effects of increased detoxification or decreased potency at higher exposures. While some or all of these factors may have been involved, our analysis found no support for a nonlinear relation.
Inhaled arsenic has been positively correlated with urinary arsenic (13, 42, 44, 45) , indicating that respiratory exposure increases systemic levels of arsenic. Since high levels of ingested arsenic in drinking water are linked to high urinary arsenic levels (46) (47) (48) (49) (50) ; to arsenical dermatosis; and to elevated risks of cancers of the skin, bladder, kidney, liver, and lung (26) (27) (28) (29) (30) 51) , there is concern about a possible relation between inhaled arsenic and cancers at sites other than the lung. Although mortality from skin cancer may have limited relevance in mortality studies, SMR in occupational studies of workers exposed to airborne arsenic were not consistently elevated for any cancer other than respiratory cancer (table 6) .
It is unclear why the cancer risk from the inhalation of airborne arsenic in smelter workers is confined to the respiratory tract, whereas the ingestion of arsenic from contaminated drinking water in endemic areas induces a variety of cancers. Using urinary arsenic levels, Bates et al. (51) estimated that heavily exposed Tacoma smelter workers had about half the total arsenic exposure as did Taiwanese who drank water from arseniccontaminated wells and suggested that the differential cancer risks may reflect variations in cumulative exposure. However, the mean airborne arsenic concentration in our study was 0.36 mg/m in urine (47) , the mean level of inhaled arsenic in our cohort corresponded approximately to long-term ingestion of drinking water with an arsenic level of 1.3-1.7 mg/liter. In endemic areas such as Taiwan, this level of inorganic arsenic in drinking water has been consistently linked to increased risks for cancers of the skin, bladder, kidney, and liver, as well as excess lung cancer mortality (51) that is similar to and possibly exceeds the SMR for respiratory cancer in our study. Moreover, in populations that consumed arsenic-contaminated drinking water, excess risks for lung and liver cancers were substantially lower than risks for bladder, kidney, and skin cancers (51) . The reasons for the absence of excess risks of nonrespiratory cancers in smelter workers are uncertain, but it seems likely mat the carcinogenic mechanisms associated with inhaled arsenic differ from those related to ingested arsenic (46, 47) . Elevated levels of arsenic in drinking water have also been associated with an increased risk of diabetes mellitus (54, 55) and with peripheral vascular and cardiovascular disease, but not with cerebrovascular disease (56) (57) (58) . In contrast, results from occupational studies, including our study, have shown inconsistent associations of inhaled arsenic with diabetes mellitus or circulatory diseases (table 6) .
The excess risk of respiratory cancer and chronic obstructive pulmonary disease in our study raises me possibility that use of cigarettes played a role in our results. Although information on smoking was not available, it is noteworthy that mortality from other smoking-related cancers was not excessive. In a sample of 1,469 workers from the original Lee-Fraumeni cohort, there was a higher proportion of smokers compared with US white males. However, the proportion of cigarette smokers did not vary significantly by extent of exposure to airborne arsenic (23, 59) , indicating that it was unlikely that smoking confounded the assessment of lung cancer risk with arsenic exposure (60) .
The mechanisms of arsenic-induced cancer are unclear, with limited evidence of carcinogenic effects in experimental animal studies. Using data from the LeeFraumeni cohort, Brown and Chu (3) reported a declining risk of respiratory cancer after cessation of employment, suggesting that airborne arsenic acts at a later stage of carcinogenesis, perhaps as a tumor promoter, but they could not rule out an early-stage effect (3) . Similar findings were noted in an analysis of the Tacoma data (4). Our updated analysis of the Lee-Fraumeni cohort found a decreasing relative risk with time since last exposure among former workers, a pattern consistent with a late-stage carcinogen or tumor promoter (60) .
We found that, using the cumulative exposure index, the ERR/(mg/m 3 -year) for respiratory cancer declined with calendar year of follow-up. This time trend was not likely due to changes in smoking habits, since cigarette smoking did not appear to be a confounder. Measurements of arsenic in air were available only for the years 1943-1958, and the exposure assessment implicitly assumed that arsenic levels for the light, medium and heavy categories were constant over time. Available monitoring data and anecdotal information indicated that airborne arsenic levels declined over time in work areas with heavy and medium exposures, with lesser reductions of airborne arsenic in work areas with light exposure. These variations in exposure probably accounted at least partly for the significant downward trend in the relative risk for respiratory cancer by year of follow-up. In support of this conclusion, we found that the trend in the relative risks with duration of exposure declined with follow-up for medium and heavy, but not for light, arsenic exposures.
Finally, the risk of respiratory cancer in our updated analysis was found to be linearly related to the cumulative arsenic exposure index with X = 0.1. Using this model, adjusting for age, calendar year, current or former employment status, and foreign birth, and assuming a similar effect of airborne arsenic exposure in smokers and nonsmokers, we estimate that the attributable risks for respiratory cancer from inhaled arsenic were 0.60 overall, 0.66 for current workers, and 0.58 for former workers last exposed at age 50 years and older.
In summary, our updated analysis of the LeeFraumeni cohort of smelter workers revealed a linear relation between risk of respiratory cancer and cumulative exposure to airborne arsenic. Further, there was no evidence that inhaled arsenic increased mortality from odier causes, with the possible exception of chronic obstructive pulmonary disease.
